Cl − /H + antiporters of the CLC superfamily transport anions across biological membranes in varied physiological contexts. These proteins are weakly selective among anions commonly studied, including Cl − , Br − , I −, NO 3 − , and SCN − , but appear to be very selective against F − . The recent discovery of a new CLC clade of F − /H + antiporters, which are highly selective for F − over Cl − , led us to investigate the mechanism of Cl − -over-F − selectivity by a CLC Cl − /H + antiporter, CLC-ec1. By subjecting purified CLC-ec1 to anion transport measurements, electrophysiological recording, equilibrium ligand-binding studies, and x-ray crystallography, we show that F − binds in the Cl − transport pathway with affinity similar to Cl − , but stalls the transport cycle. Examination of various mutant antiporters implies a "lock-down" mechanism of F − inhibition, in which F − , by virtue of its unique H-bonding chemistry, greatly retards a proton-linked conformational change essential for the transport cycle of CLC-ec1.
clade of prokaryotic CLC F − /H + antiporters 17, 18 , which display substantial selectivity for F − over Cl − . This is chemically intriguing, since F − , being more strongly hydrated than Cl − , presents a greater difficulty to the protein in stripping off its water-shell, as it must do to discriminate between these similar anions 19 , which differ by less than 0.5 Å in ionic radius.
The dearth of information on F − in membrane biology motivates a re-examination of this anion's behavior in conventional, Cl − -based CLC proteins, to scrutinize their handling of F − more closely than has been previously done. CLC-ec1, a bacterial Cl − /H + antiporter, is studied here, since among CLCs it is uniquely amenable to membrane biochemistry, x-ray crystallography, and functional reconstitution by electrophysiological recording and ion flux methods in synthetic phospholipid membranes. We find that although CLC-ec1 fails to transport F − , it binds this anion similarly to the biological substrate Cl − . Moreover, a CLC mutation that ablates H + coupling produces robust F − transport. Crystal structures of F − bound to various CLC-ec1 variants offer an explanation for this striking alteration of transport selectivity in terms of a "lock-down" mode of CLC-ec1 induced by F − occupancy of the anion transport pathway, in which a putative transport cycle intermediate is trapped by this strongly H-bonding halide.
Results
The recent discovery of the CLC F exporters -the first example of membrane proteins biologically purposed to transport F − ion 17 -propels us to examine CLC-ec1, a long-studied "conventional" Cl − /H + antiporter, for interactions with F − . Why is F − unique among small monovalent anions in its inability to move through this protein? The strong selectivity of CLC-ec1 against F − is apparent from anion efflux from liposomes reconstituted with the antiporter (Fig 1a) . In these experiments, liposomes are pre-loaded with 300 mM KF or KCl and suspended in a solution containing 1 mM of the test anion and 300 mM K-isethionate (an impermeant monovalent anion). Efflux down the 300-fold halide gradient, initiated by the K + ionophore valinomycin (Vln) to allow counterion movement, is followed by the appearance of the anion in the external solution, as monitored with ion-specific electrodes. Cl − efflux is rapid, with single-CLC turnover of ~400 Cl − ions/sec at pH 6, as previously documented 20, 21 . A slow efflux of F − is also observed, but this leak is not discernibly faster than seen with protein-free liposomes. This background leak is due to the high lipid permeability of neutral HF, which as a permeant weak acid (pK a = 3.4) is non-negligibly present under these conditions. A generous estimate places an upper limit on the F − transport rate of 4 F − ions/sec, less than 1% of the Cl − rate (Supplementary Results, Supplementary Table 1 ).
The transporter's selectivity against F − is illustrated further by electrical recording of ionic currents in CLC-doped planar phospholipid bilayers (Fig 1b,c) . Under bi-ionic conditions, with 300 mM Cl − on one side of the membrane and an equal concentration of F − on the other, the current-voltage relation is recorded. A reversal potential of ~80 mV -the voltage at which current is zero -shows that F − permeability is at most 3% of that of Cl − 14 . This metric is only an upper limit on selectivity against F − , because we do not know if H + movements are coupled to F, as they are to Cl − . Nevertheless, these recordings buttress the conclusion based on liposome flux experiments that F − is poorly transported, if at all, by CLC-ec1.
F − binding to the anion transport pathway
Though not transported, F − binds to the protein nearly as well as Cl − , as demonstrated by isothermal calorimetry (Fig 1d,e, Supplementary Results, Supplementary Table 2 ). Both anions show a dissociation constant of ~ 1 mM, in harmony with previous measurements for Cl − 21-23 . The site where F − binds is apparent in a crystal structure at 2.9 Å resolution of CLC-ec1 in Cl − -free solution containing 100 mM F − (Fig 2a, Supplementary Table 2 ). The protein conformation is essentially identical to the Cl − -occupied antiporter (Cα rmsd 0.3 Å, Supplementary Fig 1) . Prominent positive density appears in F o -F c maps in both subunits of the homodimer at the central Cl − -binding site, the mechanistic heart of the antiporter where anion and proton pathways converge 24 . While it is tempting to assign this density to a bound F − ion based on its location at a site known to be normally Cl − -occupied and "anionhungry" 25, 26 , F − cannot be distinguished from water on the basis of x-ray scattering alone. It is unlikely that this density represents a crystallographically ordered water molecule, however, since the protein groups surrounding it are inconsistent with dipolar interactions with water, and since a comparable-resolution crystal structure in the absence of halide ions shows no difference density in this region (Fig 2b) . This comparison is thus suggestive of F − occupancy at the central site but cannot be considered a definitive demonstration of this.
If F − binds to the CLC-ec1 transport pathway, we should be able to infer its occupancy crystallographically by competition with Br − , a functionally faithful Cl − substitute 14, 21, 22, 27 . Crystals were formed in 20 mM Br − , far above its dissociation constant 22, 23 in the presence or absence of F − , and Br − at the central transport site was detected by its anomalous difference density. The result is clear. In the absence of F − , prominent Br − density appears at the central site as expected 22 (Fig 2c) , but as F − is progressively raised to 20 mM and 100 mM, Br − density weakens and finally disappears (Fig. 2d,e) . These results are seen in both subunits of the CLC homodimer in multiple crystals (Supplementary Table 4 ). Thus, F − and Br − compete for the central site, verifying our original suspicion that the electron density at this site in F − -bathed crystals in fact reflects F − occupancy. Weak Br − density also appears at a second location near the protein's intracellular surface, where halides bind with very low affinity 22 .
Mutations of the external gate promote F − transport
The results above imply that F − binds to the antiporter's central anion site, but then transport stalls. Why should F − , uniquely among small monovalent anions, prevent the transport cycle from proceeding? To approach this question, we analyzed F − /Cl − selectivity in several wellcharacterized CLC-ec1 mutants. A key event in the CLC-ec1 antiport mechanism -indeed, the only conformational change known structurally -is the rotation of the conserved E148 "external glutamate" (Glu ex ) side chain. This residue acts as a gate separating the Cl − pathway from the extracellular solution. Its "open" rotamer, favored by protonation, allows rapid exchange between Cl − and sites within the protein. In its "closed" position, which is favored by deprotonation, the Glu ex side chain rotates downward to block the pathway by coordinating the Cl − ion in the central site 22, 28, 29 . If this gate is removed by mutation, the resulting E148A protein still transports Cl − but is no longer H + -coupled 9 .
We observe with surprise that the E148A mutation leads to complete loss of selectivity against F − , which now permeates at an even higher rate than Cl − (Fig 3a, Supplementary  Table 1 ). Equilibrium binding of F − again mirrors the known behavior of Cl −21,22 , with each halide binding similarly, with higher affinity to the mutant than to WT protein (Fig 3b) , although the increase in affinity for F − (5-fold) is less than that for Cl − (50-fold). Moreover, a crystal structure of E148A in 100 mM F − (Fig 3c) shows positive density in the F − -omit map at two sites: the central site and the "external" site that in WT is occupied by the carboxylate group of Glu ex and is replaced by halide in the gate-deleted mutant. Crystallographic titration of Br − in the presence of F − again indicates F − /Br − competition at both of these sites (Fig 3d, Supplementary Table 4 ), and that therefore the densities represent F − at both sites, reprising the known binding of Cl − in this mutant 22 .
Robust F − transport in E148A is unexpected, since the external gate is commonly viewed as essential for conformational coupling between Cl − and H + , but not as a contributor to the antiporter's ionic selectivity properties. Does this change in F − /Cl − selectivity reflect the lack of H + coupling in E148A or a direct interaction of the bound anion with the Glu ex side chain? This question may be approached by testing F − transport with mutations at other positions that also abolish H + coupling to Cl − transport (Fig 4) . We first examine Y445A, which disrupts the anion pathway's inner gate and destabilizes Cl − at the central site, while leaving the external gate intact 20, 24 . This mutant retains wildtype-like selectivity against F − . Second, we test E203Q, which specifically interferes with the proton pathway on its cytoplasmic side, distant from the external gate and from the Cl − pathway 24, 30, 31 . Again, transport-selectivity against F − is preserved in this mutant. Finally, F − is presented to E148A/Y445A, a double mutant with both inner and outer gates stripped off to create an always-open transmembrane pore 32 . This mutant, in which Cl − permeation is extremely fast (~20,000 s −1 ), also moves F − rapidly (6200 s −1 ), as reported in Supplementary Table 1 . The first two mutants refute the idea that H + coupling prevents − transport in WT protein, and the behavior of all the proteins taken together implicate the Glu ex gate itself as the culprit that impedes F − transport.
A F − -dependent lock-down mechanism
How might this F − -specific inhibition of the WT transport cycle occur? One possibility suggests itself from the mechanism by which Glu ex operates normally with Cl −21,29,33 . At some point in the transport cycle, outlined in Fig 5a, the deprotonated Glu ex carboxylate must move towards the central Cl − ion to accept a proton arriving from the intracellular side, although such close apposition between these two moieties has never been observed in previous CLC crystal structures. Once protonated, the side chain rotates up and away from the Cl − ion to open an aqueous pathway to the external solution. This picture emerged from CLC-ec1 variants with Glu ex substituted by Gln, a surrogate for protonated Glu ex 22, 28 . All structures with Glu at this position show its side chain in the "closed" rotamer, with the transport pathway capped by the deprotonated carboxylate covering the bound Cl − . In contrast, in all previous crystal structures with the Gln substitution, the side chain adopts the "open" rotamer that connects the Cl − pathway to extracellular solvent. If, however, a bound F − ion, a strong H-bond acceptor, would stabilize the protonated Glu ex carboxyl group in the closed position, the external gate would be locked down and transport would slow or stall.
We tested this idea with the E148Q substitution, which transports Cl − unaccompanied by proton countermovement 24 . This mutant behaves like WT, binding but failing to transport F − (Fig 5b, Supplementary Table 2 ). This result, in striking contrast to the F − transporting, "gate-deleted" E148A mutant, is consistent with the lock-down mechanism posited above. A crucial test of this mechanism would be a E148Q crystal structure in F −; is the Gln side chain in the open or closed position? We solved structures from several E148Q crystals diffracting to 2.9-3.2 Å. The results are unambiguous (Fig 5c) : While the overall structure is virtually identical to WT, the E148Q side chain adopts the closed conformation, never before observed for this mutant, but as anticipated by the lock-down mechanism. Moreover, the Gln amide group now directly coordinates the F − ion within H-bonding distance (3.0 Å), a result of the side chain moving 1.4-2.2 Å closer to the halide in the Cl − or F − -occupied WT structures (Fig 5d, Supplementary Fig 1) . That it is the presence of F − rather than the absence of Cl − that brings the amide-bearing side chain into the closed configuration is reinforced by a halide-free crystal structure of E148Q 22 wherein the side chain adopts its familiar open position, a result that we have reproduced with rigorously Cl − free conditions (Supplementary Table 3) .
Discussion
This study is aimed at an oddity of a deeply studied member of the CLC superfamily of anion transport proteins: why F − , alone among small inorganic anions, is such a poor substrate for transport. While F − is irrelevant to the physiological role of CLC-ec1 in bacterial acid resistance 7 , the anion's anomalous behavior enriches our still-incomplete view of the antiporter's mechanism. We find that the selectivity of CLC-ec1 against F − reflects neither a low affinity at the crucial transport site nor a peculiarity associated with H + coupling. Instead, the functional and crystallographic results implicate a strong, favorable interaction between F − and the Glu ex side chain as a plausible explanation. According to this picture, upon binding to the transport pathway, F − freezes the protonated Glu ex side chain in its "closed" configuration, thus locking down the transport cycle. We imagine that F − -specific inhibition arises from the tendency of this most electronegative ion to accept a Hbond from the protonated carboxyl group of Glu ex . In the E148Q crystal structure, the permanently protonated isostere is apparently caught in flagrante in the act of H-bonding with the bound halide; this novel F − -stabilized configuration, we suggest, reflects a transport-cycle intermediate that is not captured in WT crystals, where the Glu ex side chain lies farther away from the halide, perhaps because it is deprotonated in the crystals, which grow near pH 7. Since the normal Cl − transport cycle is complete in a few milliseconds, a F − -induced closed-rotamer dwell-time on the 0.1-1 second timescale, for instance, would naturally account for our observations on WT and mutant CLCs. Stabilization of the anionGlu ex interaction by a strong (~3 kcal/mol) H-bond to F − is plausible as the chemical basis of the antiporter's selectivity against F − . The conservation of the external glutamate in CLCs suggests this lock-down mechanism might apply more generally, if other Cl − -transporting CLCs were also found to select against F − . To avoid possible confusion, we point out that the Gln side chain configuration reported here in E148Q is not analogous to the more deeply extended Glu ex side chain configuration observed in a eukaryotic CLC structure 29 , wherein the carboxylate group occupies the central Cl − site itself, a configuration that has not been observed in any prokaryotic CLC structure.
Beyond providing a glimpse of a conjectured but previously unseen intermediate in the unusual CLC antiport cycle 14, 33 , the crystal structures reported here are noteworthy for another reason. They supplement the rare examples 34 of a macromolecular "free" F − site, wherein the anion is not in complex with a divalent metal cation, as it is in enolase, pyrophosphatase, and a F − riboswitch, to cite a few examples [35] [36] [37] . Instead, in CLC-ec1, F − is coordinated much like Cl − , by the same dipolar moieties from the protein's backbone and side chains without the participation of a metal. Moreover, F − in its binding site is mostly dehydrated, since the anion-occupied pathway offers little room for coordinating waters, and since the aqueous anion carries an unusually large hydration shell. Thus, the protein performs a thermodynamically difficult task by desolvating F − as the ion leaves water and engages with the transport pathway. In light of this, the seemingly innocuous observation of similar F − and Cl − binding affinity takes on a deeper meaning. In shedding water upon binding, F − unavoidably suffers a severe free energy penalty, 30 kcal/mol larger than Cl − for full dehydration 38 . Therefore, to match Cl − in equilibrium binding affinity, F − in the central site must enjoy additional favorable interactions that mitigate this desolvation handicap. The lock-down mechanism proposed here envisions this compensatory interaction arising in part from strong H-bonding between the Glu ex carboxylic acid and the F − anion.
Online methods

Protein purification
Analytical grade chemicals and reagents were purchased from Sigma-Aldrich or as otherwise specified, and lipids were from Avanti Polar Lipids. For ion flux experiments, hexahistidine-tagged CLC-ec1 constructs were purified on cobalt-affinity and size-exclusion columns as described 13 . For bilayer recordings, which require extremely pure preparations free of outer membrane porin contamination 39 , protein was expressed in a porin-depleted E.coli strain (ΔlamB ompF::Tn5ΔompAΔompC) 40 . The 40 mM DM extract loaded onto the cobalt affinity column was sequentially washed with purification buffer (PB; 100 mM NaCl, 20 mM tris-HCl, pH 7.5, 5 mM DM) containing 0.1% (w/v) triton-X114, 20 mM imidazole, or 1 M NaCl, and CLC-ec1 was eluted with 400 mM imidazole. The eluate was diluted 10-fold into HS buffer (10 mM NaCl, 10 mM Mes-NaOH, pH 6.5, 5 mM DM) and loaded onto a 2-mL Poros HS cation-exchange column equilibrated with HS buffer. The column was washed with salt steps of 100 mM and 200 mM NaCl in HS buffer, and eluted with a step to 500 mM NaCl. Concentrated protein (~10 mg/mL) was then diluted 50-fold in HQ buffer (10 mM NaCl, 10 mM Mes-NaOH, pH 5.5, 5 mM DM), and loaded into a Poros HQ anionexchange column. CLC-ec1 running through the column at this pH was collected and concentrated to ~10 mg/mL. Proteoliposomes were immediately prepared at high protein density. A micellar solution of Chaps (35 mM), protein (600 μg/mL), and a phospholipid mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE, 15 mg/mL)/1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPG, 5 mg/mL) was prepared in reconstitution buffer (450mM KCl, 25mM citrate-phosphate buffer, pH 7.5) and dialyzed for 2 days against reconstitution buffer. The resulting liposomes were frozen in aliquots and stored at −80°C until use.
Cl − and F − flux assay
Purified protein was reconstituted at a density of 0.5-5 μg per mg of E. coli polar lipid by dialyzing against 300 mM KCl or KF, 25 mM Mes-NaOH, pH 6.0 13 , and Cl − or F − liposome-efflux assays were performed as described 20 . Briefly, proteoliposomes were subjected to 3-5 freeze-thaw cycles and extruded through a 0.4 μm-polycarbonate membrane. External solution was replaced with flux buffer (1 mM KCl or KF, 300 mM Kisethionate, 25 mM Mes-NaOH, pH 6.0) immediately before each run by centrifuging proteoliposome samples through 1.5-mL G-50 columns equilibrated with flux buffer. Efflux of Cl − or F − was initiated by addition of Vln (1 μg/mL), and anion concentration in the suspension was continuously monitored by Ag/AgCl or LaF 3 /EuF 3 electrodes; total trapped Cl − or F − was measured at the end of experiment by disrupting liposomes with 30 mM noctyl-β-D-glucoside (β-OG). Electrode responses were calibrated in each experiment with known additions of KCl or KF (50-75 μM).
Planar bilayer recording
Electrical recordings of CLC-ec1 currents were made by fusing proteoliposomes into planar lipid bilayers (POPE/POPG, 3/1 in n-decane) 30 . The "cis" side of the bilayer is defined as the solution to which liposomes were added, and the opposite "trans" side is defined as zero voltage. Ag/AgCl electrodes immersed in 1 M KCl wells were connected to the recording solutions via 1.5% agar bridges containing 0.3 M KCl or NaF. Current-voltage (I-V) relationships were acquired in various ionic conditions: symmetrical Cl − (300 mM KCl, 20 mM Mes-NaOH, pH 5.5), 10-fold Cl − gradient (cis 300 mM KCl, 20 mM Mes-NaOH, pH 5.5; trans 30 mM KCl, 20 mM Mes-NaOH, pH 5.5), or Cl − /F − bionic conditions (cis 300 mM KCl, 20 mM Mes-NaOH, pH 5.5; trans 300 mM NaF, 20 mM Mes-NaOH, pH 5.5).
After the conductance stabilized, 1-sec voltage stimuli from -100 mV to 100 mV in 10 mV increments were applied from a holding potential of zero voltage. Currents were low-pass filtered at 500 Hz and sampled at 10 kHz using a PC-505B amplifier (Warner) and pCLAMP software (Axon Instruments). Reversal potentials were interpolated from I-V curves and corrected for liquid junction potentials (<2mV).
Isothermal titration calorimetry
Thermodynamic binding parameters of Cl − or F − to CLC-ec1 were determined with a microcalorimeter (Nano ITC, TA Instruments, 300 μL sample volume). For obtaining the required initial Cl − -free conditions, protein was purified on a cobalt column in low-Cl − buffer (100 mM Na/K tartrate, 2 mM NaCl, 20 mM tris-SO 4 , 400 mM imidazole-SO 4 , pH 7.5, 5 mM DM), followed by size-exclusion chromatography in zero-Cl − buffer (100 mM Na/K tartrate or Na-isethionate, 10 mM Mes-NaOH, pH 6.0 (or 10 mM tris-SO4, pH 7.5), 5 mM DM). Protein (150-250 μM) was titrated with 1-μL injections of 5-25 mM Cl − or F − at 25°C. Data were fitted with single-site isotherms using NanoAnalyze 2.1.9 software.
X-ray crystallography
Since Cl − occupies the anion transport pathway with submillimolar binding affinity, Cl − contamination during crystallization can undermine attempts to localize F − in CLC-ec1. Accordingly, PEG stock solutions were treated with a mixed-bed ion-exchange resin (Amberlite MB-150) to reduce the Cl − content (~0.1 mM) of commercial PEG. In this way, we could confirm by direct measurement that our nominally Cl − -free crystallization solutions contained < 10 μM Cl − .
All crystallographic experiments used "ΔNC" constructs 31 truncated at N and C termini, which consistently give crystals diffracting in the range 2.8-3.2 Å. For crystallizing CLCec1 with F, proteins were first purified as in ITC experiments. After removal of the His-tag, CLC-ec1/Fab complexes were formed 28 and further purified on a size-exclusion column equilibrated with 0-100 mM NaF, 0-20 mM NaBr, 10 mM tris-SO 4 , pH 7.5, 5 mM DM. Protein was concentrated to ~10 mg/mL and mixed with an equal volume of crystallization solution in a hanging-drop vapor-diffusion chamber. Crystals, appearing in 20-28% (w/v) PEG 400, 20-100mM Na/K tartrate, pH 7.0 -9.5 in 5-10 days at 22°C, were cryo-protected by slowly increasing PEG concentration in the mother liquor to ~35 %, followed by freezing in liquid N 2 . Similar conditions were used for halide-free structures, except that the final size-exclusion step was in halide-free solution, and crystallization solutions contained 20 mM Na/K tartrate or 100 mM K-isethionate.
Datasets were collected at beamline 8.2.1 or 8.2.2, Advanced Light Source, Lawrence Berkeley National Laboratory, at X-ray wavelength of 1 Å, or at 0. 919 Å for Br − anomalous diffraction. Data were integrated and scaled using HKL2000, and initial models were obtained by molecular replacement against 4ENE or 1OTS using Phaser in the CCP4 software suite. Models were rigid-body refined in REFMAC5 and further refined in Phenix. PDB accession codes for each crystal are reported in Supplementary Table 3 .
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